A high-resolution VUV laser absorption spectroscopy is used to investigate the photon-induced ion-pair formation in D 2 in the spectral region from 140117 4 to 140732 0 cm −1 . We report determination of photoionization efficiency in ortho-para D 2 in supersonic molecular beam with energy resolution of 0 1 cm −1 . The assignment of the superexcited D 2 Rydberg states is done based on the quantum defect theory. PACS (2008): 33.80.Eh, 33.80.Rv 
Introduction
As simplest neutral molecules hydrogen H 2 and deuterium D 2 play an important role for development and testing of fundamental quantum theory calculations. In particular, molecular deuterium provides important information about the mass-dependent effects in molecular level structure. Moreover, deuterium has a number of scientific and commercial applications: it is often used as a non-radioactive, stable isotopic tracer in chemistry, biochemistry and environmental sciences. Studying the photon-induced ion-pair formation in highly excited molecular D 2 provides important information about the dynamics of molecular dissociation. Deuterium molecules can be excited into superexcited states by vacuum ultraviolet (VUV) radiation that can result in molecular ionization, or dissociation into ionic fragments. The superexcited molecular states play an important role in radiation physics and chemistry [1] [2] [3] and in molecular processes relevant to atmospheric physics and astrophysics.
If the energy of the VUV photons exceeds the ionization limit, the molecular superexcited states can decay via several channels: predissociation into neutral fragments, preionization, and molecular fluorescence. The pre-ionization is usually treated as an indirect process starting from the direct optical transitions from the molecular ground state to highly excited Rydberg bound states and following by radiationless nonadiabatic transitions into unbound cova-lent, or ion-pair states. Studying the photon-induced ionpair formation provides an important information about the dynamics of molecular dissociation and on the structure of highly excited electronic molecular states. Electron energy loss spectroscopy (EELS) also provides an effective means of investigation highly excited electronic states of free atoms and molecules [5] . In particularly, EELS can be utilized to study optically forbidden transitions.
The aim of our paper is to study of one-photon-induced ion-pair formation in highly excited molecular D 2 . Dibeler et al. [4] and later Chupka et al. [6, 7] experimentally observed the pre-ionization of superexcited states in para-H 2 , in ortho-para H 2 , D 2 , and in HD in the wavelength region from 71.8 nm to 70 nm with the resolution of 0.0035 nm for para-H 2 and 0.007 nm for ortho-para H 2 and D 2 . An important result of these studies was the determination of the ion-pair photoionization efficiency curve in para-H 2 for Rydberg series in H 2 converging to highly excited vibrational states of the molecular ion H + 2 . Using the multichannel quantum defect theory (MQDT) [8] [9] [10] [11] Jungen and Raoult have analyzed the role of vibrational pre-ionization on the total and partial oscillator strength and photoelectron angular distribution in H 2 optically excited in the wavelength region between 79.0 and 76.0 nm and between 80.0 and 75.0 nm [12, 13] . The total oscillator-strength profiles obtained agree well with the experimental data of Dehmer and Chupka [6, 7] . However, very complicated spectra of the ortho-para equilibrium mixture in the wavelength region from 70.8 to 70 nm in H 2 and D 2 together with relatively low experimental resolution have lead to great difficulties in the assignment of the photoionization spectra. Therefore, the ion-pair photoionization efficiency curve for D 2 in the wavelength region from 140117 4 to 140732 0 cm −1 has not been satisfactory interpreted until now.
In the present paper we report experimental determination and analysis of the pre-ionization efficiency curve of the ion-pair formation in ortho-para D 2 mixture in supersonic molecular beam. A high resolution VUV laser system is used in experiment and provided the spectral resolution of about 0 1 cm
, which is about 50 times better than the previous experiments [6] . The assignment of the superexcited D 2 Rydberg states is done using the quantum defect theory.
Experiment
The high resolution XUV/VUV (extreme ultra violet/vacuum ultra violet) laser [18] [19] [20] [21] [22] [23] [24] used in experiment is a new tool for investigation of the fine details of spectroscopy and dynamics of molecular superexcited states.
Full description of the experimental apparatus used can be found in Refs. [21] [22] [23] [24] . Briefly, the coherent XUV radiation was generated by using the resonance-enhanced four-wave mixing inside a pulsed Kr jet in a XUV monochromator chamber equipped with a gold coated toroid grating. A Nd-YAG (YAGyttrium aluminum garnet) 20 Hz pumped two-dye-laser system was used for generation of the fundamental frequencies of two laser beams. The linewidth of the XUV laser radiation was around 0.1 cm
. The ion spectra were determined by detection the D + positive ion signals as function of the XUV laser radiation wavelength. The detection part of the apparatus consisted of the ionization chamber, which housed an ion time-of-flight (TOF) spectrometer and a microchannel plate (MCP). The duration of our XUV laser pulse was about 3-5 ns, determined by the time profile of the dye lasers. Because the ion-pair dissociation occurs in a very short time, this width (3-5 ns) is like continuous wave laser for the ionpair dissociation. The profile of the experimental spectra have insignificant dependence on the laser intensity. The experimental signal intensity was about 1 ion per laser pulse and accumulated for three hours at the repetition rate of 20 Hz. There is almost no background signal. The signal in the spectra is found to be from the ion-pair dissociation. Repeated measurements have shown good reproducibility of the obtained experimental results. As known, the ortho-D 2 and para-D 2 molecular states relate to different nuclear spin statistics and can hardly be converted into each other during experiment. Therefore, these states can usually be treated as two different types of molecules [25, 27] . The effective rotational temperature inside the supersonic D 2 beam was less than 10 K providing that more than 99% of the ortho-para D 2 molecules were in their ground rotation states, that is J = 0 for the ortho-D 2 and J = 1 for the para-D 2 . The D 2 pressure in the container was 50 mbar and the sample was kept at a room temperature. As shown in Ref. [25] the relative concentration of the ortho-D 2 molecules at the sample temperature of 298 K is 66.664(16)% of the total D 2 concentration.
Results and discussion
For the case when the electrons move relatively slow with regard to the nuclear motion, the Rydberg energy states can be characterized by the vibrational quantum number υ + of the ion core. Then, the position of the Rydberg energy levels can be expressed as [26] :
where T + (υ + N + ) are the ion core vibration energy levels, N + is a rotational quantum number of the ion, µ(υ + ) is a quantum defect function, R is the Rydberg constant, is a general quantum number, and * an effective quantum number. In our experiment the XUV laser radiation at the 140117 4 − 140732 0 cm . The collisional dissociation of D + 2 was found to be negligible under the supersonic beam condition of our experiment. Therefore, positive ion background in Fig. 1 is small. Due to the transition dipole moment selection rules, the R(0) rotation branch originating from the J = 0 ground rotational state can be shown to converge to the N + = 0 and N + = 2 rotational levels of the D + 2 ion [30] . Similarly, three of the four rotation branches originating from J = 1 (P(1), R(1), and Q(1)) converge to the N + = 1 limit, while one of them (R(1)) converges to the N + = 3 limit. For large general quantum number values the description of Rydberg states in terms of σ Σ and πΠ is no longer valid, since they are strongly mixed and ordered solely according to the N + values of the ion core [6, 30] . For this case Herzberg and Jungen [30] used the Hund's case (d) terminology N + , where is the Rydberg electron orbital angular momentum.
The spectrum in Fig. 1 is very complicated containing very large number of absorption lines. In general, it consists of many Rydberg series related to the υ + = 13 − 27 energy states of D + 2 . Vibrational and rotational convergence limits for D + 2 above the ion-pair formation threshold are given in Ref. [6, 28, 31] In our study, we were able to assign only a part of the absorption lines in Fig. 1 using the theoretical convergence limits [28] and experimental data of Merkt et. al [15, 16] . In particular, we used the ionization and dissociation energies [16] which are in excellent agreement with most of the recent theoretical predictions [17] .
The energies of the ionic energy levels of D + 2 were taken from Moss [28] . Our asignment was also based on the results of the quantum defect theory and on the most recent values of the fundamental constants recommended in CODATA 2006 [29] .
The ion-pair dissociation occurs via the predissociation of Rydberg states. The channel for ion-pair dissociation of D 2 determined in experiment is asymptotically related to 1 Σ + energy states. Interaction between the Rydberg states and the ion-pair states is mainly of the electrostatic origin, which preserves the projection of the angular momentum onto the molecule axis. It means that only the σ Rydberg states are detected when probing the ion-pair products. It is therefore expected that in the ion-pair yield spectra the signal intensities result only from the σ components. However, as the highly excited Rydberg states are better described in the Hund's case (d), they contain a mixture of σ and π components which interacts strongly with each other [30] . Therefore, at high , the designation of the states Σ and Π is no longer useful [30] . The pre-ionization efficiency curves of the ion-pair formation in ordinary-D 2 and some identifications of high Rydberg members at the 140348 4 − 140584 6 cm −1 spectral region are shown in Fig. 2 and Fig. 3 in greater detail. For this spectral region the assignment of high Rydberg members is possible in an unambiguous manner. Strong interaction between the N + = 0 and N + = 2 channels of ortho-D 2 and between the N + = 1 and N + = 3 channels of para-D 2 resulting in large energy level and intensity perturbations [6, 12] . The line intensities in the 2 and series 3 become much smaller [6, 12] than those of the 0 and 1 series at high , respectively. Therefore, using the vibrational convergence limits given in Ref. [28] , a number of lines in the ion-pair spectrum are assigned as mainly members of 0 and 1 series converging to the υ + = 13 − 20 vibrational levels of D + 2 . The mem- bers of 2 and 3 series in the ion-pair spectrum are tentatively assigned for several peaks also.
There are three pronounced maxima in the ion intensity distribution in Fig. 2 and four pronounced maxima in the ion intensity distribution in Fig. 3 . In accordance with Ref. [6, 12, 13] , the absorption lines flanking the dominating resonances in Figs. 2 and 3 can be regarded as "satellites" resulting from the nonadiabatic interaction of the nuclear and electronic motions. Further, it was found [6, 12, 13] that peaks related to the pre-ionization via the υ = υ + − υ < −1 (here υ + and υ are the vibrational quantum numbers of the final state and of the preionised Rydberg level, respectively) tend to appear as "complex" resonances, consisting of a sharp central peak surrounded by an extensive structure of broader satellites. The υ = 0 perturbations are quite strong in this energy region since the vibrational convergence limits are closely spaced, resulting in significant overlap of Rydberg series converging to different vibrational levels [6] . Therefore, the whole spectral section shown in Fig. 2 and Fig. 3 can be viewed as consisting of several "complex" resonances. The resonance maxima in Fig. 2 and Fig. 3 in Fig. 1 can be considered as related to the 7 0 (υ = 16) energy level. Tables 1 and 2 list the energy levels and effective principle  quantum numbers related to the maxima in the spectral region 140348 4 − 140584 6 cm Sometimes it was hard to distinguish between two or more possible assignments for of 2 and 3 Rydberg series. In spite of these difficulties, some tentative Rydberg assignments are made in Fig. 2 and Fig. 3 at condition ≈ . As was pointed out previously [6, 12, 13 ] the quantum defect function µ σ (R) has a positive value and a substantial R-dependence, whereas the µ π (R) function is negative, having small R-dependence and tending to zero at large R values.
Conclusion
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